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Purpose of Vibrant Clean Energy, LLC:

• Reduce the cost of electricity and help evolve economies
to near zero emissions;

• Co-optimize transmission, generation, storage, and
distributed resources;

• Increase the understanding of how Variable Generation
impacts and alters the electricity grid and model it more
accurately;

• Agnostically determine the least-cost portfolio of
generation that will remove emissions from the economy;

• Determine the optimal mix of VG and other resources for
efficient energy sectors;

• Help direct the transition of heating and transportation to
electrification;

• License WIS:dom optimization model and/or perform
studies using the model;

• Ensure profits for energy companies with a modernized
grid;

• Assist clients unlock and understand the potential of high
VRE scenarios, as well as zero emission pathways.
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Who Are We: Vibrant Clean Energy



Ø For production cost – typically short time periods & small geographic scope;

Ø For capacity expansion – typically coarse data, large region, but simplified / 
no dispatch;

Ø Typically many models do not consider demand side resources, transmission, 
storage, or other emerging technologies (EVs, heat pumps, water heaters, 
etc.);

Ø Disaggregation of components of the system leads to inefficient future 
projections and diminishes value of certain resources;

Ø Simpler modeling does not allow foresight beyond “knowns” for example, 
emergent behavior of market design, co-optimization of DERS, utility 
generation, transmission, and storage, reducing reliance on thermal 
generation for reserves, etc.

Ø Ignoring the changing environment, i.e. outside a specific BAA will lead to over 
investment and stranded assets / addition costs to rate payers, as the external 
regions will impact the internal dynamics of the BAA.

What Models Currently Do



Pushing The Envelope: The WIS:dom Model



WIS:dom is the only (others should follow) combined capacity expansion 
and production cost model. It combines:

ü Continental-scale (globally capable), spatially-determined co-optimization of 
transmission, generation and storage expansion while simultaneously 
determining the dispatch of these sub systems at 13-km or 3-km, hourly or 5-
minutely resolution;

ü Dispatch includes:
Ø Individual unit commitments, start-up, shutdown profiles, and ramp 

constraints;
Ø Transmission power flow, planning reserves, and operating reserves;
Ø Weather forecasting and physics of weather engines;
Ø Detailed hydro modeling;
Ø High granularity for weather-dependent generation;
Ø Existing generator and transmission asset attributes such as heat rates, line 

losses, power factor, variable costs, fixed costs, capital costs, fuel costs, 
etc.;

ü Large spatial and temporal horizons;
ü Policy and regulatory drivers such as PTC, ITC, RPS, etc.;
ü Detailed investment periods ( 2-, 5-, or 10- year) out past 2050;
ü 100 - 10,000x increased resolution compared with nearest competitor for VRE, 

load, and conventional generator descriptions.
ü Designed, operated and supported by small team.

What Models Can & Should Do



What Do We Think Models 
Should Consider?



80m AGL

Multi-Year Data Considerations



Resolution Considerations



Resolution Considerations



Wind Resource



Creating VRE Resources
General Process: Wind
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Figure 1. Schematic diagram of the rotor area with variables for the computation of the Rotor Equivalent Speed weights. It can be
seen that weights need only be calculated for one half of the rotor, and the other half is the reflection.

half is automatically found by symmetry. The area of each segment is the area of the sector (ASi) minus the area of the
triangle encased by the chord of the top of the last segment (ATi) minus the previous segments calculated (Aj),
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where ↵i is the weights for the RES computation. The RES, UR, is defined mathematically as

UR =
NX

i=1

↵i · Ui. (7)

The definition of the RES from Eq. (7) remains valid as long as the rotor diameter is not larger than the horizontal
resolution of the model (here they are not). The limit of the RES is a continuous function of the wind speeds integrated
over the rotor height. If the resolution of the model were to be so high that the rotor diameter is greater than the horizontal
grid spacing, then the RES would need to be recomputed using both horizontal and vertical slices. The ultimate limit to the
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assimilation model to produce a 13-km gridded resource mapping that includes hourly values for each grid cell for nine
years (2006-2014).

The accuracy of the dataset is important. The present paper tries to reduce the error in grid cell averaged wind power
estimates by applying the rotor equivalent wind speed (REWS) and incorporating directional shear. The REWS procedure
computes the weighted average of wind speeds at different heights over the rotor diameter. The directional shear takes into
account the drift in wind direction possible over the rotor diameter. The computations are approximations that allows wind
speed and directional shear to be accounted for in the power estimate. The incorporation of the wind speed and directional
shear provides more information, thus seeks to help reduce the risk of financial hardship for plant operators and planners.
The REWS will be applied to the analyses fields from an advanced weather assimilation model for the first time over such
a large geographic and temporal extent. The REWS concept was originally developed and used with measurements by
[18].

The demonstrated techniques in the present paper will be applied to higher resolution models and compared against
wind farm power data in forthcoming papers. The scope of the present paper is to show the effects of the REWS on the
power estimates at coarse resolution to give a first approximation and to highlight areas of particular interest.The paper is
organized as follows: in section 2 we briefly describe the methodology of REWS and the data we use; section 3 displays
the results of the work; and section 4 contains the discussions and conclusions for the present work along with the future
avenues of investigation.

2. METHODOLOGY

2.1. Hub Height Wind Speed vs Rotor Equivalent Wind Speed

To produce an estimate of wind power one wind speed is calculated, which is typically the wind speed at hub height. The
current paper uses a hub height of 80 m above ground level (AGL) along with a rotor diameter of 100 m; because these
are the most typical values found across the contiguous US [19]. It is known that wind speed changes with height, and so
the estimate of the wind speed at the hub height might not be a good representation of the wind speed over the whole rotor
diameter. The REWS, see e.g. [18], provides a solution to overcome this deficiency. The REWS can also incorporate the
directional shear, which will be discussed below.

The data utilized in the present paper is obtained from the 13-km Rapid Update Cycle (RUC) advanced assimilation
model [20, 21]. The RUC assimilation model uses in excess of 20,000 observations each hour in combination with a one
hour forecast from the previous model cycle to obtain an analysis field for the state of the atmosphere. The assimilation
analysis balances the large number of observations and the short term model forecast to minimize the errors from the data
and the model; essentially creating the best possible estimate of the current state of the atmosphere. The data collected
encompasses the nine years of 2006–2014 at hourly resolution. The full three dimensional matrices are collated and stored
to be used for the wind speed estimates at specific AGL heights and the wind power modeling. The spatial resolution of
the RUC allows 151,987 geographic locations to be produced for the dataset. Further, each geographic site contains 74,283
hourly time steps of data. The missing data (5.8%) was due to incomplete cycling from when the model was originally
run. The native levels of the RUC are in the hybrid isentropic-sigma coordinate that allows the benefits of both terrain
following and entropy conserving coordinates [20]. The wind vectors computed by the RUC assimilation model are output
on its native levels and in component form. The components can be combined to produce the horizontal wind speed at each
native level (U⌘)

U⌘ =
q

u2
⌘ + v2⌘, (1)

where ⌘ is each of the native pressure levels, u is the East-West component and v is the North-South component. Since the
native levels are not constant in height AGL, we have to interpolate U⌘ to specific heights, such as the hub height of 80 m.
The original U⌘ are stored for future work at different hub heights.

For the present work, the rotor swept area is divided into 10 m vertical slices (segments). Following the work by [18],
the REWS can be defined as

UR =
NX

i=1

↵i · Ui, where ↵i =
Ai

A
=

(✓i � sin ✓i)
2⇡

� 1
A

i�1X

j=0

Aj , i � 1. (2)

In Eq. (2), UR is the REWS, Ui is the wind speeds at different heights across the rotor diameter, ✓i is the angle to the chord
of the top of the vertical slice being computed and Ai/A is the weighted area of the rotor swept area. The definition of the
REWS from Eq. (2) remains valid as long as the rotor diameter is not larger than the horizontal resolution of the model
(here they are not). The limit of the REWS is a continuous function of the wind speeds integrated over the rotor height. If
the resolution of the model were to be so high that the rotor diameter is greater than the horizontal grid spacing, then the
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REWS would need to be recomputed using both horizontal and vertical slices. The ultimate limit to the REWS would be
the double integral of continuous wind speeds over the entire rotor swept area.

In addition to the vertical wind speed shear, we wish to add the directional shear. Instead of simply taking Ui as the
horizontal wind speed at each height, we calculate the projection of the horizontal wind speed at each height that is parallel
to the wind direction at hub height. In doing so, we assume that the nose of the turbine nacelle is aligned exactly to the
direction of the wind at hub height. Therefore, we define Ui as

Ui =
ui · uH + vi · vH

UH

, (3)

where the subscript H denotes the variable computed at hub height, and the lower case represents the component vectors
of wind speed.

The purpose of calculating the REWS with directional shear to estimate wind power is to provide more information from
the state of the atmosphere. The hypothesis is that more information should improve the estimates in terms of behavior and
magnitude. We are applying the REWS to numerical weather assimilation data over a vast geographic area, which is not
addressed in the literature thus far.

2.2. Wind Power Modeling

The full production of wind speed estimates is complex and requires multi-disciplinary analysis. However, we
circumvented the majority of the work required to produce wind speed estimates because we obtained the historical data
from the archives of the RUC assimilation model [20]. Our work focuses specifically on the production of the REWS with
directional shear and wind power estimates. To produce wind power estimates for wind turbines, we must know how power
in the wind is expressed.

The energy content of the wind in a volume is simply the kinetic energy (mv
2
/2) of the wind contained within that

volume. Hence, the power contained in the wind is the time derivative of the kinetic energy;

Pw =
d[Ew(U(t))]

dt
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d
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◆�
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Here A is the cross section area normal to the direction of the wind, ⇢ is the density of the air, L is the length of the volume
in the direction of travel of the wind, and U is the wind speed over the cross sectional area. If we assume the wind speed
and density do not change with time, we recover the well known equation for wind power [22]

Pw =
1
2
Cp⇢AU

3
. (5)

Here the Cp represents the coefficient of power (an empirically derived curve from simulations and performance of
individual turbines), which is the ratio of the electric power created by the wind turbine divided by the power available
in the wind (Cp = Pt/Pw). The right hand side terms in Eq. (4) that become zero when considering instantaneous power
are related to fluctuations in the density and wind speed, but are proportional to the discretization time scale. For the
present paper, we assume these terms are small compared with the first term. However, it is noted by the authors that these
additional terms could be non-negligible in steep ramp conditions or long integration periods.

To calculate the wind power estimates, we replace U in Eq. (5) with UH for the hub height version and UR for the
REWS version. We require the coefficient of power as an input. It is assumed that the same Cp curve can be used for
hub height wind speeds and the rotor equivalent wind speeds. For the present paper, we take the composite of three or
four specific turbines for each of the International Electrotechnical Commission (IEC) classes I, II, III and offshore (IV)
and back calculate the Cp curves [23]. The turbines used are found in Table I. The Cp curves and their corresponding
normalized power curves are shown in Fig. 1. Above 25 m/s all turbines shutdown and power drops to zero. At peak
efficiency the turbines are approaching 50% extraction of the available wind power, which is approximately 85% of the
theoretical maximum (59%) possible for wind turbines [25].

As stated earlier, we use the same rotor diameter for all the IEC classes. If we had used different rotor diameters for
each class the REWS would be computed differently for the four classes making comparisons more difficult. Due to the
100 m rotor diameter the rated power for each class is different; IEC-I is 3.2 MW, IEC-II is 2.5 MW, IEC-III is 2.0 MW,
and IEC-IV is 3.5 MW. These values are utilized to normalize the power output for the dataset (so all data lies between 0
and 1). To define each RUC grid cell IEC class, we minimized the difference between the computed nine year mean hourly
wind speed at 80 m AGL and the average wind speed in IEC-61400-1 [24]. Offshore locations are designated using the
RUC land/sea mask. The defined classifications can be seen in Fig. 2. The US is predominantly IEC-III with small areas
of IEC-II and even fewer locations of IEC-I. The location of the IEC-I and II classes are strongly correlated with steep
terrain.
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In addition to the vertical wind speed shear, we wish to add the directional shear. Instead of simply taking Ui as the
horizontal wind speed at each height, we calculate the projection of the horizontal wind speed at each height that is parallel
to the wind direction at hub height. In doing so, we assume that the nose of the turbine nacelle is aligned exactly to the
direction of the wind at hub height. Therefore, we define Ui as

Ui =
ui · uH + vi · vH

UH

, (3)

where the subscript H denotes the variable computed at hub height, and the lower case represents the component vectors
of wind speed.

The purpose of calculating the REWS with directional shear to estimate wind power is to provide more information from
the state of the atmosphere. The hypothesis is that more information should improve the estimates in terms of behavior and
magnitude. We are applying the REWS to numerical weather assimilation data over a vast geographic area, which is not
addressed in the literature thus far.

2.2. Wind Power Modeling

The full production of wind speed estimates is complex and requires multi-disciplinary analysis. However, we
circumvented the majority of the work required to produce wind speed estimates because we obtained the historical data
from the archives of the RUC assimilation model [20]. Our work focuses specifically on the production of the REWS with
directional shear and wind power estimates. To produce wind power estimates for wind turbines, we must know how power
in the wind is expressed.

The energy content of the wind in a volume is simply the kinetic energy (mv
2
/2) of the wind contained within that

volume. Hence, the power contained in the wind is the time derivative of the kinetic energy;

Pw =
d[Ew(U(t))]

dt
=

d

dt


1
2
·A · ⇢(t) · L(t) · U2(t)

�
=

⇢AU
3

2


1 +

✓R
U dt

U

◆✓
1
⇢

d⇢

dt
+

2
U

dU

dt

◆�
. (4)

Here A is the cross section area normal to the direction of the wind, ⇢ is the density of the air, L is the length of the volume
in the direction of travel of the wind, and U is the wind speed over the cross sectional area. If we assume the wind speed
and density do not change with time, we recover the well known equation for wind power [22]

Pw =
1
2
Cp⇢AU

3
. (5)

Here the Cp represents the coefficient of power (an empirically derived curve from simulations and performance of
individual turbines), which is the ratio of the electric power created by the wind turbine divided by the power available
in the wind (Cp = Pt/Pw). The right hand side terms in Eq. (4) that become zero when considering instantaneous power
are related to fluctuations in the density and wind speed, but are proportional to the discretization time scale. For the
present paper, we assume these terms are small compared with the first term. However, it is noted by the authors that these
additional terms could be non-negligible in steep ramp conditions or long integration periods.

To calculate the wind power estimates, we replace U in Eq. (5) with UH for the hub height version and UR for the
REWS version. We require the coefficient of power as an input. It is assumed that the same Cp curve can be used for
hub height wind speeds and the rotor equivalent wind speeds. For the present paper, we take the composite of three or
four specific turbines for each of the International Electrotechnical Commission (IEC) classes I, II, III and offshore (IV)
and back calculate the Cp curves [23]. The turbines used are found in Table I. The Cp curves and their corresponding
normalized power curves are shown in Fig. 1. Above 25 m/s all turbines shutdown and power drops to zero. At peak
efficiency the turbines are approaching 50% extraction of the available wind power, which is approximately 85% of the
theoretical maximum (59%) possible for wind turbines [25].

As stated earlier, we use the same rotor diameter for all the IEC classes. If we had used different rotor diameters for
each class the REWS would be computed differently for the four classes making comparisons more difficult. Due to the
100 m rotor diameter the rated power for each class is different; IEC-I is 3.2 MW, IEC-II is 2.5 MW, IEC-III is 2.0 MW,
and IEC-IV is 3.5 MW. These values are utilized to normalize the power output for the dataset (so all data lies between 0
and 1). To define each RUC grid cell IEC class, we minimized the difference between the computed nine year mean hourly
wind speed at 80 m AGL and the average wind speed in IEC-61400-1 [24]. Offshore locations are designated using the
RUC land/sea mask. The defined classifications can be seen in Fig. 2. The US is predominantly IEC-III with small areas
of IEC-II and even fewer locations of IEC-I. The location of the IEC-I and II classes are strongly correlated with steep
terrain.
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Table I. Turbines used to calculate the Generic Coefficient of Power Curves for the IEC classes.

Turbine Rated Power (MW) Cut-In Speed (m/s) Max Output Speed (m/s) Cut-Out Speed (m/s) Rotor Diameter (m)

IEC-I Siemens 3.0 MW 3.0 3.0 14.0 25.0 101.0

Gamesa G80 2.0 4.0 17.0 25.0 80.0

Nordex N90HS 2.5 4.0 14.0 25.0 90.0

Vestas V90 3.0 4.0 14.0 25.0 90.0

IEC-II Vestas V112 3.0 3.0 13.0 25.0 112.0

Siemens 2.3 MW 2.3 3.0 13.0 25.0 93.0

GE1.6 82.5 1.6 4.0 12.0 25.0 82.5

GE2.5xl 2.5 3.0 14.0 25.0 100.0

IEC-III Vestas V100 1.8 3.0 12.0 20.0 100.0

GE1.6-100 1.6 3.0 12.0 25.0 100.0

Repower 3.2M 3.2 3.0 12.0 22.0 114.0

IEC-IV Siemens 3.6 MW 3.6 4.0 14.0 25.0 107.0

GE4.1MW 4.1 4.0 14.0 25.0 113.0

Repower 6M 6.15 3.5 14.0 30.0 126.0
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Figure 1. (a) The coefficient of power and (b) the normalized power curves for four generic IEC wind classes.

Figure 2. The classification of RUC grid cells using the mean wind speed at 80 m AGL. The black is IEC-I, orange is IEC-II, green is
IEC-III, and blue is IEC-IV (offshore).
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Multiple “Flavors” of Technologies
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Creating VRE Resources
General Process: Solar

1. Obtain the 3-km HRRR (High-Resolution Rapid Refresh) hourly data that includes 3-D
volume of atmosphere over North America. Contains (1059 x 1799 x 51) data points for
each variable.

2. Obtain the 1- and 4-km GOES Satellite 15-minute data for all of North America. The North
America data is at a higher refresh rate that the full-disk scans. The reflectance values are
for different wavelengths or “bands” – visible, 4-micron, 11-micron, 13-micron, and water
vapor. VCE utilizes CONUS Ext. and PACUS from the GOES satellites.



Creating VRE Resources
General Process: Solar

Multivariate Multiple Regression

• We can now formulate the multivariate multiple regression
model:

Yn⇥p = Z
n⇥(r+1)�(r+1)⇥p

+ ✏n⇥p,

E(✏(i)) = 0, Cov(✏(i), ✏(k)) = �ikI, i, k = 1,2, ..., p.

• The m measurements on the jth sample unit have covariance
matrix ⌃ but the n sample units are assumed to respond
independently.

• Unknown parameters in the model are �(r+1)⇥p
and the

elements of ⌃.

• The design matrix Z has jth row
h

zj0 zj1 · · · zjr

i
, where

typically zj0 = 1.

536

• We have p(=3) irradiance fields to calculate and n(=631,645) observation of
each field. The observations are taken from 15 high quality measurement sites
(NOAA SURFRAD & SOLRAD)

• The regressors (β) are the satellite data (5 wavelengths), the HRRR weather
variables (SW, LW, temperature, wind, elevation, etc.), the top of atmosphere
irradiance, the zenith angle, the azimuth angle, and the declination angle.

• The measurements are taken for each of the weather years, the closest 5-minute
interval and aligned to the correct UTC time

• The data is quality controlled, and all night-time measurements were removed.
The regression is trained at sites that are dispersed across the USA.

• Separate regressions are performed with and without satellite data, so that
when no satellite is available an approximation is made.



Creating VRE Resources
General Process: Solar

0

100

200

300

400

500

600

700

800

900

1,000

Irr
a

d
ia

nc
e 

(W
/m

2 )

Single Site Extracted From 3-km, 5-min Solar Irradiance Dataset

GHI DNI DHI



Multiple “Flavors” of Technologies



Wind Speed From 3-km, 5-min Dataset

See: https://www.youtube.com/watch?v=HU_m56X0FCM

https://www.youtube.com/watch?v=HU_m56X0FCM


PV Power From 3-km, 5-min Dataset

See: https://www.youtube.com/watch?v=d22m0KHy5Fs

https://www.youtube.com/watch?v=d22m0KHy5Fs


Consider: Various Scales Simultaneously To Produce Optimal 
Solutions That Incorporate Data Outside of Domain Of 

Interest



Existing Generators (2017)



Existing Electricity Transmission (2017)



Land Use Dataset

Water

Evergreen NL Forest

Evergreen BL Forest

Deciduous NL Forest

Deciduous BL Forest

Mixed Forest

Closed Shrubland

Open Shrubland

Woody Savanna

Savanna

Grassland

Permanent Wetland

Cropland

Urban & Built up

Crops & Natural Vegetation

Snow & Ice

Barren / Sparse

Unclassified

Original Data Source: https://lpdaac.usgs.gov/dataset_discovery/modis/modis_products_table/mcd12c1



Strict Siting Constraints For Wind Turbines

Maximum
4 W/m2

Minimum
0.04 W/m2



Strict Siting Constraints For Utility PV

Maximum
15 W/m2

Minimum
0.15 W/m2



Advanced Screening For Rooftop PV

Maximum
2.5 W/m2

Minimum
2.5x10-5 W/m2Note: Logarithmic Color Scale



Load Initialization & Forecasts
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Demand Side Resources
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US Electricity Demand To Reduce Economy Wide GHG Emissions By 80% By 2050
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Load Initialization & Forecasts
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How Costs Change In the Future
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How Costs Change In the Future



Example:
Eastern Interconnection Study



Installed Capacities

Peak Original 
Demand

Peak Flexible 
Demand
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Installed Capacities



Installed Transmission Capacities

Export From State

Import To State



Changes in Emissions & Pollutants



Cost Changes Compared with 2017



Job Changes Compared with 2017



Economic Dispatch



Economic Dispatch



Economic Dispatch



Example:
Western Interconnection Study



Installed Capacities

Peak Original 
Demand

Peak Flexible 
Demand



Rate Of Installations & Retirements

• The rate of installations increases with time. Coal retirements are rapid at 
first and then slow, before natural gas retirements dominate.



Installed Capacities
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Installed Capacities



Installed Capacities



Installed Capacities

• Interstate transmission capacity is shown in white. Black is coal plants, grey is 
natural gas, green is wind, red is solar, purple is nuclear, blue is hydroelectric and 
purple is nuclear.

20202017



Installed Capacities

20302025



Installed Capacities

20502040



Installed Transmission Capacities

Export From State

Import To State



LCOE Changes Compared with 2017

• In the very near-term electricity costs rise a small amount, and then fall substantially.



Full-time Jobs In Electricity Over WECC

• Under baseline conditions, there are 61% more full time jobs in the 
electricity sector compared with 2017 numbers.



Changes in Emissions & Pollutants

• Reductions driven by transitioning from coal to gas, as well as RPS levels being 
reached across the WECC footprint are substantial by 2050. 



WECC-wide Winter Dispatch
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WECC-wide Winter Dispatch



WECC-wide Winter Dispatch



WECC-wide Summer Dispatch



WECC-wide Summer Dispatch



WECC-wide Summer Dispatch



WECC-wide Summer Dispatch



WECC-wide Electricity Generation



WECC-wide Electricity Generation

• Dispatchable generation is still dominant across WECC.



WECC-wide Electricity Generation

• Dispatchable and variable generation are approximately equal across WECC.



WECC-wide Electricity Generation

• Dispatchable generation share is down to 37% across WECC.



WECC-wide Average Retail Electricity Costs



WECC-wide CO2 Emissions From Electricity

• These emissions are traced to consumption source; so if state exports electricity 
the emissions are counted in recipient state.



Colorado Winter Dispatch



Colorado Winter Dispatch



Thank You

Dr Christopher T M Clack
CEO Vibrant Clean Energy, LLC

Telephone: +1-720-668-6873
E-mail: christopher@vibrantcleanenergy.com

Website: VibrantCleanEnergy.com
Twitter: @Clacky007


